Abstract Tamoxifen decreases breast cancer recurrence, mortality, and breast cancer risk in high-risk women. Despite these proven benefits, tamoxifen use is often limited due to side effects. We identified predictors of tamoxifeninduced side effects based on clinical variables and serum tamoxifen metabolite biomarkers in a cross-sectional study of patients taking tamoxifen. We enrolled 241 women and collected data on demographics, tamoxifen use and side effects, as well as potential clinical and serum predictors.
Introduction
Tamoxifen, a selective estrogen receptor modulator (SERM), acts as an estrogen receptor (ER) antagonist in breast tissue, and decreases breast cancer recurrence and mortality in women with ER-positive breast cancer [1] . Tamoxifen is also effective in primary prevention of breast cancer in high-risk women [2] . However, the use of tamoxifen for prevention is limited due to its side effect profile [3] .
Tamoxifen commonly causes a range of side effects such as hot flashes and occasionally causes more serious adverse events such endometrial hyperplasia or endometrial cancer [4] [5] [6] and venous thromboembolic disease [7] . Other side effects attributed to tamoxifen are night sweats, gynecologic symptoms (vaginal dryness, vaginal discharge), depression, forgetfulness, sleep alterations, weight gain, and diminished sexual functioning [8] [9] [10] [11] [12] . Women with side effects are also more likely to take medications that inhibit cytochrome P450 2D6 enzyme (CYP2D6) [13] [14] [15] [16] .
Several studies have demonstrated that women with more side effects from tamoxifen are less likely to have a recurrence of breast cancer compared to women who have no side effects [17, 18] . Therefore, determining the key predictors of side effects from tamoxifen may help to understand the factors that make tamoxifen more effective.
Tamoxifen is a prodrug and undergoes extensive firstpass oxidative metabolism into more active metabolites by the cytochrome P450 (CYP450) pathway, predominantly the CYP2D6, to 4-hydroxy-tamoxifen (4-OH-tam) and 4-hydroxy-N-desmethyl-tamoxifen, also known as endoxifen [19] [20] [21] . Both metabolites have a 30-to 100-fold higher affinity, respectively, for the ER compared to tamoxifen, but only endoxifen has significant bioavailability [20] [21] [22] [23] [24] [25] [26] . CYP2D6 is the rate-limiting enzyme that converts N-desmethyl-tamoxifen (ND-tam), a less active antiestrogen, into endoxifen and modulates its plasma concentrations [21, 24, 25] . Some studies have suggested an association between CYP2D6 genotypes and side effects of tamoxifen, while other studies have failed to demonstrate such an association [27] [28] [29] [30] .
We sought to identify clinical predictors and serum biomarkers that may affect the risk of side effects among women taking tamoxifen. In particular, we examined a series of demographic and clinical factors to determine if any of these can be used to predict side effects. In addition, we examined the association between side effects and the levels of tamoxifen metabolites, and cytochrome P450 2D6 (CYP2D6) genetic variants.
Materials and methods

Study design and population
Potential participants included women who were currently taking tamoxifen. Participants were excluded if they were currently taking post-menopausal hormone therapy (HT), had a bleeding disorder or were taking anticoagulation medication (e.g., coumadin or heparin) or could not give informed consent. From September 2004 until May 2010, participants were recruited through three sources: (1) The Breast Specialized Program of Research (SPORE), a wellestablished, large cohort of San Francisco Bay Area women with breast cancer; (2) the University of California San Francisco (UCSF) Breast Oncology Clinic; and (3) physician referral. The Breast SPORE includes women from UCSF, California Pacific Medical Center (CPMC) and San Francisco General Hospital (SFGH, affiliated with UCSF). From the Breast SPORE database and the UCSF Breast Oncology Clinic and via the study contact letter, we identified 530 women who had been taking tamoxifen at the most recent prior contact, had previously given consent to be contacted for participation in future research, and who lived in the San Francisco Bay Area. We received responses from 309 (58%) of the women we contacted. Among the respondents, 116 women (37%) were enrolled in the study, 117 (38%) reported that they had switched to an aromatase inhibitor (AI, N = 97) or were not on tamoxifen (N = 20), and 76 (25%) declined to participate. Another 222 were referred to the study from physician's offices. Of these, 15 (7%) did not agree to participate, leaving 207 (93%) women referred from physician's offices who consented to the study. From all recruitment sources, 323 women were enrolled in this study. Of these enrollees, 79 were not currently taking tamoxifen and 3 were excluded from the data analysis because they did not complete the questionnaire. Thus, a total of 241 women were included in our analyses (Fig. 1) . The institutional review boards at UCSF (including its affiliated SFGH) and CPMC approved the study and all women provided written informed consent at study entry.
Demographic, breast cancer risk factors, and side effects from tamoxifen data collection
We conducted in person interviews through a questionnaire that was administered by a trained research associate. The questionnaires collected the following information: demographics, past medical history, breast cancer history, tamoxifen adherence, duration of use, and side effects. Participants also provided blood and serum samples. All participants in the study were taking tamoxifen at the time of enrollment. All demographic, lifestyle, reproductive factors, and symptoms were self-reported. Body mass index (BMI) was measured as weight in kilograms (kg) divided by the square of height in meters (m 2 ) and categorized according to the World Health Organization categories. Women were classified as pre-menopausal, if they indicated having a menstrual period in the prior 3 months and no change in menstrual regularity in the prior year; and were considered post-menopausal, if they had no vaginal bleeding (amenorrhea) for at least 6 months without other obvious pathological or physiological cause. Patients were asked if they were experiencing hot flashes, vaginal dryness, sleep problems and any other side effects from tamoxifen. Dichotomous reported of side effects variables with yes/no responses were considered for analysis. The number, intensity, duration, and severity of side effects were also reported in the questionnaire. Severity of each side effect was rated on a Likert-type scale with responses ranging from 1 (mild) to 5 (extremely severe).
Laboratory procedures
After the interview, two 10 cc tubes of blood were drawn from each participant. One tube of blood collected into ethylene diamine tetraacetic acid (EDTA) as a preservative was used for genomic DNA extraction that was performed at UCSF DNA Bank and at the UCSF Clinical Pharmacogenomics Laboratory. DNA was extracted from whole blood using the Qiagen QIAamp Blood DNA Kit (Frederick, MD, USA). After extraction, DNA was quantified and stored at -20°C. A second blood sample was collected in a serum separator tube and stored at -70°C to measure tamoxifen metabolites, specially, endoxifen levels. Tamoxifen and metabolite concentrations were measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS; Model 3200, Applied Biosystems/Sciex, Foster City, CA, USA) as previously described [31] . Tamoxifen metabolite measurements were not reported to patients or clinicians since there was no clinical data on their use at the time of the study was conceived and designed.
CYP2D6 genotype
The analysis of CYP2D6 polymorphisms was performed at the UCSF Clinical Pharmacogenomics Laboratory, a Clinical Laboratory Improvement Amendments Act (CLIA)-certified clinical laboratory, using the AmpliChip CYP450 Test (Roche Molecular Systems, Inc., Branchburg, NJ, USA), a test that is cleared for clinical used by the U.S. Food and Drug Administration (FDA). This test uses the Affymetrix microarray platform and screens for 27 different alleles of the CYP2D6 gene (including gene duplications and deletions) and 3 alleles of the CYP2C19 gene. The AmpliChip CYP450 Data Analysis Software was used to infer the genotype, and to predict the individual's CYP2D6 enzymatic activity. We classified subjects into four classes: Ultra-rapid metabolizers (UMs), extensive metabolizers (EMs), intermediate metabolizers (IMs), and poor metabolizers (PMs). The test and assay conditions for this study followed the manufacturer's instructions [32] . In approximately 1 to 2% of samples, the test results in a ''no genotype'' call, presumably because of a rare variant not detected by the chip that interferes with the usual hybridization patterns. In every case of a ''no genotype'' result from the AmpliChip, we repeated the assay at least once to confirm that the result could not be obtained. Additionally, we categorized CYP2D6 genotypes using the activity score rating as previously described by Gaedigk et al. [33] .
Statistical analysis
Baseline study population characteristics were described using frequencies for categorical variables and mean or median (when needed) for continuous variables. The Wald Chi-squared test (v 2 test) of proportions (or Fisher's exact test, when needed) was used for categorical comparisons of baseline characteristics to determine whether the distribution of these variables differed. Measures of association between each potential predictor and each side effect outcome were calculated using v 2 tests. Logistic regression was then used to determine which factors were predictive of the outcome and to estimate the occurrence of tamoxifen side effects. We first estimated unadjusted associations expressed in terms of odds ratios (ORs) of each independent variable. A final model was developed that included only those factors with statistically significant (P B 0.05 for the Wald v 2 test) predictive ability. We used logistic regression adjusting for age, BMI, ethnicity, education level, prior post-menopausal HT, length of tamoxifen treatment and endoxifen levels to identify factors that are independently associated with common side effects. The co-variates included account for clinical predictors such as current age, age at menarche (as continuous variable), menopausal status (pre-menopausal versus post-menopausal), BMI (as continuous variable), and previous use of HT (ever/never). Other common risk factors, including age at menopause, were unavailable or did not apply for some of the participants and were not, therefore, included in the analysis. The v 2 test, Fisher's exact test and logistic regression analyses were carried out using STATA (version 10) statistical software package (StataCorp LP, College Station, TX, USA).
Results
The mean age among participants was 50.8 years old (range from 23 to 83 years old) and most (66%) were premenopausal at the time of breast cancer diagnosis (Table 1) . Among the 79 women who were post-menopausal at the time of the study, 66% (52) had previously used hormonal therapy. Of these prior hormone users, 38% used estrogen alone, 29% used a combination of estrogen and progesterone, 8% used progesterone alone and 25% did not recall the type of HT used. The majority of women were Caucasian (69%) or Asian (22%). Most of the participants (75%) had graduated from college and completed a post-graduate degree. Only 3 women in the study were taking tamoxifen for prevention of breast cancer. The median duration of tamoxifen treatment in the overall population was 16 months. Most of the women in the study (69%) were recruited from a University hospital, 24% were recruited from community hospitals and 6% from a public hospital.
Seventy three percent of the participants experienced some side effects that they attributed to tamoxifen (Table 2) . However, only 51 (21%) reported a severe side effect, defined as a side effect that was rated a 4 or 5 in severity on a Likert-type scale. The most common side effect reported was hot flashes (64%) with 20% reporting severe hot flashes. Other common side effects included vaginal dryness (35%), sleep problems (36%), depression or irritability (6%) and weight gain (6%). Side effects tended to be reported most commonly among women who had been on tamoxifen for fewer than 12 months (Table 2) . However, weight gain is the only side effect that seems to increase report with duration of tamoxifen use.
Among all of the metabolite levels, only endoxifen levels were significantly associated with side effects, with women who reported no side effects having approximately 2 ng/ml lower levels of endoxifen (Table 3) . There was also a trend towards association between lower levels of 4-OH-tam and no side effects. CYP2D6 genotypes were not associated with side effects when analyzed using the activity score rating (Table 3) or when using the designation of PM, IM, EM, and UM status (P = 0.66). However, CYP2D6 genotypes were highly correlated with endoxifen levels (Wu et al, in preparation). In multi-variate models, significant predictors of side effects included shorter duration on tamoxifen, younger age, previous use of post-menopausal HT and higher endoxifen levels ( Table 4 ). The strongest predictor of side effects was duration of therapy with fewer side effects among women who have been on tamoxifen for[12 months. Older women were also less likely to report side effects. Compared to women who were younger than 50, women who were older than 60 were less likely to report side effects (OR 0.22, 95% CI 0.03-1.35, P = 0.10) as were women who were older than 70 (OR 0.13, 95% CI 0.01-0.99, P = 0.05) which constituted a significant trend between older age and decreased side effects (P for trend = 0.03). Women who had previously used HT were much more likely to report side effects (OR 3.6, 95% CI 0.97-13.52, P = 0.05). The mean of endoxifen levels in the overall population was 8.77 ng/ml with a standard deviation of 6.31. For each standard deviation increase in endoxifen levels, we detected an odds ratio of 1.67 (95% CI 1.01-2.77) in the risk of reporting any side effects.
We also performed analyses of severe side effects (Table 5 ) since we reasoned that these were more likely to lead to decrease adherence. The risk factors for severe side effects were very similar to the risk factors for any side effects report. Younger age was also a significant risk factor for severe side effects (Table 5) . Women on tamoxifen for [12 months were much less likely to report severe side effects. Women who had previously taken postmenopausal HT were also more likely to report severe side effects (OR 16.16, 95% CI 1.42-183.28, P = 0.02). There was a trend towards an association between higher endoxifen levels and severe side effects.
We had data on co-medication use from 166 of 241 participants. Of these women, 49 reported taking co- [34] . In univariate analyses these women were more likely to report side effects (OR 2.73, 95% CI 1.01-7.34, P = 0.04) and to report severe side effects (OR 4.17, 95% CI 1.37-12.34, P = 0.01). The association between co-medications and report of side effects was not significant after adjusting for age, BMI, race, education, HT, tamoxifen length, and endoxifen levels. Adding comedication use to the multi-variate models did not appreciably change the other factors associated with side effects.
Discussion
We performed a cross-sectional analysis of women taking tamoxifen to identify predictors of commonly reported side effects. We found that the risk of side effects was lower among women who were on tamoxifen for longer durations. In addition, we found that younger age, previous use of post-menopausal HT and higher serum endoxifen levels were the most significant predictors in a multi-variate model. We did not detect an association between CYP2D6 genotype and side effects. The rate of side effects in our study is consistent with previous studies; about half of the women experienced hot flashes, vaginal dryness and sleep problems were also among the most prevalent side effects. Loprinzi et al. conducted two studies of tamoxifen side effects and found that approximately 50% of women in both studies had hot flashes [35, 36] . The incidence of hot flashes was slightly lower in their studies compared to in our population; however, since all of their patients were post-menopausal, while most of ours were pre-menopausal, and since younger age was predictive of more side effects in our study, the higher incidence in our population may be expected. Loprinzi et al., also found that a history of N number of participants, OR odds ratios, CI confidence interval, P value B0.05, AA African American a Severe hot flashes, vaginal dryness and sleep problems expressed as scale 4-5 on a Likert-type scale compare to women with no hot flashes, vaginal dryness and sleep problems b Odd ratios adjusted for age, BMI, ethnicity, level of education, prior post-menopausal hormone therapy use, tamoxifen length (in months) and endoxifen levels c Odd ratio for endoxifen levels rescaled to the standard deviation moderate to severe hot flashes and a history of prior estrogen therapy use were associated [35] . Our finding of an association between severity of tamoxifen side effects and prior use of HT is consistent with previous reports in which women who use HT are more likely to have side effects with menopause. Although these findings do not point to an etiology, they may help clinicians predict which women may have the most severe side effects. Demissie et al. identified predictors of adjuvant tamoxifen use, side effects, and discontinuation in older women. They found that women who were C75 years of age were significantly less likely to report side effects. Although our population is younger, the association of fewer side effects among older women is consistent with our data. Demissie et al. also found that women with better emotional health had significantly lower odds of reporting side effects. A similar finding was seeing when the researchers restricted the analysis to hot flashes. In addition, they also observed that educational attainment, especially women who completed at least the 12th grade were more than 5 times likely to report hot flashes than those who did not complete high school [37] . We did not find any association between level of education and increase reported of hot flashes; however, women in our study were highly educated on average so that the variation may not have been the same as in the Demissie et al.
Our study is the first, to our knowledge, to report the association between any side effects from tamoxifen and endoxifen levels. We found that only endoxifen, the most active metabolite of tamoxifen, was significantly associated with side effects. We did not see any association between tamoxifen levels and side effects, suggesting that the association between serum endoxifen levels and side effects is not a marker of adherence since adherence would presumably have a more direct effect on tamoxifen levels. We observed a trend towards association between side effects and 4-hydroxy-tamoxifen. While this association was not significant, the trend may be consistent with other data that 4-hydroxy-tamoxifen is a highly active metabolite. However, since endoxifen has much higher bioavailability compared to 4-hydroxy-tamoxifen, its effect may be clinically more important.
We did not observe an association between CYP2D6 genotype and side effects. Recently, the WHEL study [31] reported that women with the lowest level of endoxifen have higher incidence of recurrence. They found no association between recurrence and CYP2D6 genotype. Women who experienced hot flashes from tamoxifen in the Arimidex, Tamoxifen, Alone or in Combination (ATAC) trial were significantly more protected from recurrence [18] . However, the ATAC study also recently reported no association between CYP2D6 genotype and recurrence [38] . Taken together, these findings may indicate that endoxifen levels may predict both side effects from tamoxifen and risk of recurrence. In contrast, CYP2D6 genotype appears to be a less consistent predictor of recurrence, possibly because the CYP2D6 genotype only partially explains the variability in endoxifen levels. Endoxifen concentration varies not only according to the number of functional CYP2D6 alleles [39] but also in the presence of medications that inhibit CYP2D6 enzyme. Agents such as the selective serotonin reuptake inhibitors (SSRIs) paroxetine or fluoxetine, and the antiarrhythmic quinidine are among the most potent inhibitors [20, 40] . When these medications are co-administered with tamoxifen to women with an EM phenotype, endoxifen concentrations are similar to those observed in PM, and have the potential, therefore, to reduce tamoxifen efficacy. Other commonly used medications such as buproprion, duloxetine, clomipramine, and pimozide exhibit inhibition close to that of paroxetine, fluoxetine, and quinidine [40] . Beside CYP2D6 genotypes, CYP2C19, CYP2B6, CYP2C9 and CYP3A5 are responsible for converting tamoxifen to its active metabolites. Murdter et al. found that CYP2C9 carriers of reduced-function (*2 and *3 alleles) had lower plasma concentrations of active metabolites, pointing to the role of additional pathways [41] . The inter-individual variations of the activity of these enzymes due to genetic polymorphisms could therefore be predictors of outcome during tamoxifen treatment. These findings suggest that future studies of tamoxifen efficacy and side effects should focus on direct assessment of endoxifen levels.
Our study found an association between increased risk of side effects and use of medications which inhibit CYP2D6. Since SSRIs are among the most common CYP2D6 inhibitors used, it is likely that these medications were prescribed to treat side effects among some of the women. Therefore, the association between them and side effects may be due to the confounding effect of physicians prescribing these medications for patients with side effects.
Another important aspect of predicting side effects is ensuring adherence to treatment. Hot flashes are common among tamoxifen users and are associated with drug discontinuation [37, 42] . In both ATAC and the Breast International Group (BIG) 1-98 trials, hot flashes were reported significantly less frequently with the AIs [43] compared to tamoxifen [44, 45] . Thus, accurately predicting hot flashes may help clinicians target certain patients with pharmacologic and non-pharmacologic interventions (or treatments) to prevent or reduce the severity of hot flashes in patients who are candidates for tamoxifen treatment. In addition, in situations in which equally effective alternative treatments may be available (such as raloxifene for breast cancer prevention) accurately predicting side effects may help clinicians select therapies.
Few studies have identified specific factors that predict which women will experience side effects from tamoxifen. Predictors of menopausal hot flashes, a mechanistically related phenotype, include smoking, maternal history of hot flashes, early age of menopause, surgical menopause, higher BMI, lower physical activity, higher follicle-stimulating hormone (FSH) levels, anxiety, alcohol use, higher parity, and lower socioeconomic status [46] [47] [48] [49] [50] [51] . However, it is unknown whether any of these factors predict which women may experience hot flashes associated with tamoxifen therapy.
Although our findings identify some factors that may affect side effects from tamoxifen, our study also has several important limitations. First, our study included women who were mostly Caucasian and Asian and were well-educated; thus, our study may not be generalizable to all populations. There are reports that Asian American women report fewer peri-menopausal hot flashes [52] [53] [54] , although it is unknown whether the same finding is seen with tamoxifen. Our study did include 55 Asian American women and we saw no significant difference in the report of side effects in this group. However, we were likely underpowered to detect a clinically important difference. Second, we used a cross-sectional study design. Therefore, we were unable to determine whether these side effects diminished among individual women with time or whether they led to discontinuation of the treatment. In addition, the cross-sectional study design may have biased the results in other ways since the women on tamoxifen for more than 1 year may be a biased subset of the women who started the therapy and thus may have different risk factors for side effects. Third, we studied tamoxifen use during a period of time when the therapeutic guidelines were changing and more new clinical trials results were recommending the use of AIs in clinical practice for post-menopausal women. Finally, our study only had information on co-medication use from 166 of 241 participants.
In summary, we found that women who are younger, taking tamoxifen for less than 12 months, those with higher endoxifen levels, and who had previously used post-menopausal HT are more likely to report side effects from tamoxifen. The association between side effects and endoxifen levels is intriguing because of the connection of higher endoxifen levels with breast cancer outcomes (no breast events, breast cancer recurrence, and new primary breast cancer) in the WHEL trial. Large scale studies of endoxifen levels, side effects, and recurrence should be pursued to definitively determine the association between these factors.
